Electronically conductive polypyrroles are an extremely interesting class of materials that have gained popularity in the last decade. It has been accepted that the polypyrrole films have a number of potential technological applications in the areas of energy storage (1-5), solar energy conversion (6) (7) (8) (9) (10) (11) , and electrochromic display devices (12) (13) (14) (15) . There is no doubt that polypyrrole is an interesting electrode material. However, the knowledge of electrochemical switching behavior of polypyrrole films published to date remains far from complete. Among those unsettled problems, the electronic and ionic charge transport mechanisms within the polypyrrole films have been fundamentally important since the switching process under most circumstances is controlled by these factors. Thus, an understanding of charge transport within these polymers is a prerequisite to developing further practical applications.
Among the available electroanalytical techniques, the cyclic voltammetry technique has been widely used to understand the electroactivity and the electrochemical properties of polypyrrole films because it can better describe the characteristics of the electrochemical switching behavior between conducting and insulating states (12) (13) (14) (15) (16) (17) (18) (19) . In this paper, both experimental and theoretical approaches are used.
Experimental cyclic voltammetry is performed for electrochemically synthesized 1 ~m thick polypyrrole film doped with perchlorate in 1M LiC104-PC solution. A mathematical model, which is based on the conservation of mass and charged species, the porous electrode theory, the double layer theory, and the modified Butler-Volmer-type pseudo homogeneous electrochemical reaction rate expression, is developed. This model is an extension of previous work published in this laboratory (20, 21) . Since the electrochemical properties and microscopic structure of polypyrrole film are locally defected, volume-averaged values is used to describe local variables throughout the polymer film to account for the effect of their nonhomogeneity (20, 21) . The validity of the model is tested by comparing the model predictions to the experimental data.
The model is used to characterize dynamic behavior (i.e., the relationship between microscopic structure, charge transport, and electrochemical characteristics) within the polypyrrole films by studying the profiles of dependent variables. Also, the model is used to verify the interesting parameters to characterize the properties of polypyrrole by sensitivity analysis and studying the effect of each parameter;The efforts to estimate values for the parameters that would yield the best agreement between model predictions and experimental data are included.
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Experimental Descriptions
All experiments are carried out in a single-compartment electrochemical cell with the classic three-electrode configuration; a platinum rotating disk electrode as a working electrode, a platinum counterelectrode, and a saturated calomel reference electrode (SCE). A rotating disk electrode (RDE) is used here because of its well-defined hydrodynamics (22, 23) . A Luggin capillary tip of the reference electrode is placed as close as possible to the center of the working electrode surface. This enables one to minimize ohmic loss and to use the reference electrode to detect the solution potential near the working electrode. The system is deoxygenated by nitrogen bubbling throughout experiments.
Electrochemical synthesis is carried out using an EG&G Princeton Applied Research (PAR) Model 173 potentiostat/galvanostat equipped with a PAR Model 179 digital coulometer. Polypyrrole film is deposited electrochemically on the platinum rotating disk electrode surface at a constant current density of 1 mA/cm 2 in propylene carbonate solution containing 0.1MLiCI04 and O.1M pyrrole monomer. The film thickness is controlled by monitoring the amount of total charge consumed during polymerization. That is, the film thickness is proportional to the total i !i! .iii passed charge, and 0.24 C/cm 2 of passed charge yields 1 ~tm thick polypyrrole film (18, 19) . The surface of platinum disk electrode is cleaned and polished to a mirror finish with 1, 0.3, then 0.05 ~m alumina powder (Banner Scientific) on a Metron polishing cloth before polymerization.
After the electrochemical synthesis, the cell is thoroughly rinsed with propylene carbonate and then filled with 1M LiC104-PC electrolyte solution to perform the cyclic voltammetry. Cyclic voltammetry is accomplished using a PAR Model 173 potentiostat/galvanostat in conjunction with a PAR Model 175 programmer, and resulting current density responses are recorded on a Houston Instruments Model 2000 X-Y recorder.
All chemical used are reagant grade (Aldrich Chemicals). Pyrrole is distilled twice in a vacuum and then stored under nitrogen. LiC104 is used without further purification. The propylene carbonate used as a solvent is further purified by fractional distillation and percolation through activated alumina. The water in the propylene carbonate is removed by adding molecular sieves for a few days. All electrolyte solutions are prepared in a glove box under nitrogen atmosphere.
Model Descriptions
The model presented here is for predicting the cyclic voltammetric behavior of the polypyrrole films doped with perchlorate. The modeling regions close to the rotating disk electrode, which are relevant to the development of the model equations, are schematically presented in Fig. 2 .
The modeling regions consist of two main regions, two boundaries, and one interregional interface, and they must be modeled simultaneously. These are the boundary interface between a platinum current collector and the polypyrrole electrode (y = 0); the polypyrrole electrode region of width ~pp; the inter-regional interface between the polypyrrole electrode and an electrolyte diffusion layer (y = ypp); the electrolyte diffusion layer of width ~d~; and the boundary at a bulk electrolyte solution (y = Yal).
In all of the regions, the dependent variables are: the concentration of Li + (c+), the concentration of ClO~ (c_), the local faradaic charge per unit volume (Qf), the potential of the solid phase (~P~), and the potential of the solution phase (@~). Because the cyclic voltammetry is controlled by sweeping potential at a constant scan rate, values for these unknowns depend on the perpendicular distance from the platinum current collector of the polypyrrole el6ctrode (y) and applied potential (E), and they are obtained by solving the system of model equations for each region of the cell simultaneously.
The detailed discussion for the assumptions, mathematical treatment of properties of polypyrrote films, and derivation of the governing equations are given in previous works (20, 21) . The system of model equations for each region and variable are summarized in Table I .
Results and Discussion
The values used for the operating conditions in the cyclic voltammograms are given in Table II . The applied po- The scan rate and the potential interval were selected in order to obtain a complete oxidation and reduction of the polymer within the stability range of the electrolyte. The rotating speed of disk electrode (12) is arbitrarily chosen as 3600 rpm. A 1 ~m thick polypyrrole electrode is used in this study because a high doping level and a high efficiency have been observed for this thickness (2), All the potentials were referred to the SCE. The resulting anodic (oxidation) and cathodic (reduction) current densities are specified as being positive and negative, respectively.
Experimental resuIts.--Experimental
cyclic voltammograms for a 1 ~m polypyrrole film in 1M LiC104-PC electrolyte at scan rates of 10 and 20 mV/s are presented in Fig. 3 . The 1 ~m polypyrrole film was deposited on polished platinum disk electrode surface with little difficulty by applying 1 mA/cm 2 for 240 s. Two main considerations can be derived by the analysis of these cyclic voltammograms; well-defined doping-undoping behaviors and large capacitance effects.
The current density is well-defined as positive and negative for doping and undoping processes, and immediately changes sign when the scan is reversed. The electrochromic properties of polypyrrole are clearly demonstrated showing that polypyrrole is actually reduced and oxidized; it is brown-black in the doped state and light yellow in the undoped state. The cyclic voltammograms are not symmetrical but quasi-reversible. The oxidative and reductive charges in each cycle are equivalent to and are independent of the scan rate. The cathodic peaks are significantly broader than the amodic peaks. The peak height is proportional to the scan rate as is expected for a reversible surface process (24) . Accordingly, it can be suggested that the elctrochemica] behavior in cyclic voltammetry can be explained in relation to the diffusion of counterion. The electrochemical characteristics of the 1 ~m polypyrrole film in the 1M LiC104-PC electrolyte obtained from these experimental cyclic voltammograms are summarized in Table  III .
A large capacitive background current density (ic) in the potential region between +0.2 and +0.8 V vs. SCE (where the film is not oxidized or reduced) is observed and is proportional to the scan rate. The related capacitance, C1, may be obtained by simple calculation based on the expression (4, 25)
The related capacitance of fully oxidized polypyrrole from these experimental cyclic voltammograms have a value of about 85 mF/cm 2 (compared to the usual ~F/cm 2 values for the bare electrodes), which is similar to values obtained by other laboratories (25, 4) . The origin of such large capacitance in polymer films has been discussed in detail by Tanguy et al. (26) and Mermilliod et al. (27) The behavior observed is similar to that of a capacitor with very high capacitance and is due to the highly porous structure of polypyrrole films (16) . The polypyrrole film is very stable between -0.8 and +0.8 V vs. SCE. It is possible to obtain more than 200 cycles with no change in the coulombic capacity of the electrode. Extending the negative limit had little effect on the cyclic voltammogram characteristics. However, when the upper limit is taken to be more positive, there is a progres- Simulated results.--The simulated cyclic voltammograms for the polypyrrole film can be obtained by using the model presented in Table I , the operating conditions given in Table II , and fixed parameter values given in Table IV as shown in Fig. 4 . The estimated value of each parameter in Table IV is obtained by comparison between experimental and simulated cyclic voltammograms and is discussed in detail later.
The current density relative to the projected electrode area, i, are obtained by integrated the local transfer current per unit volume (aj) over the porous polypyrrole electrode region i= fi _7"ajdy [2] It is noted that the value of the current density should be equal to the superficial current density in the solid phase (i~) at the current collector/polypyrrole electrode interface (y : 0) i = il ~=0 [3] This is because all of the current enters (reduction) or leaves (oxidation) the cell via the current collector. As discussed earlier, the current density in the cyclic voltammogram of the polypyrrole film consists of two distinctive components: faradaic current density caused by the electrochemical reaction and capacitive current density caused by the double layer within the porous palypyrrole film, if and i~. These are obtained by integrating the local faradaic and capacitive transfer currents per unit volume (aj~ and ajc) over the porous polypyrrole electrode region (see Eq. [2] ). A typical cyclic voltammogram and its components of 1 ~m polypyrrole film at a scan rate of At potentials negative of -0.4 V, the entire polypyrrole electrode is in a fully neutral nonconducting state. For the anodic sweep of potential (increasing potential), neutral polypyrrole starts to converge to an oxidized conducting state at potentials positive of -0.4 V. The oxidation yields the consumption of both faradaic and capacitive charges within polypyrrole film. The faradaic current density (if) initially increases with time because of the increasing driving force (applied potential), then decreases because of the limited electroactive area (neutral polypyrrole sites) and the .concentration of counterion within the polymer film as the polypyrrole electrode is significantly oxidized. However, the capacitive current density (ic) increases continuously with time until the polypyrrole electrode is fully oxidized. At potentials positive of +0.2 V, the oxidation reaction is complete, and the entire polypyrrole electrode is in its fully oxidized conducting state. That is, the current density is entirely dominated by the double layer effect because no more oxidation of the polypyrrole can occur. The related capacitance (C1) of fully oxidized polypyrrole from these simulated cyclic voltammograms has a value of about 38 mF/cm 2 and is well matched with that obtained from experiment.
When the scan is reversed in the cathodic direction (decreasing potential), the pure capacitive current density iramediately changed sign. Oxidized polypyrrole starts to converge to the neutral state at potentials negative of +0.2V and yields decreasing faradaic and capacitive charges. At a potential -0.6 V, the entire polypyrrole electrode is again in its fully neutral state.
Dependent variables profiles.--The dynamic profiles of the dependent variables in the porous polypyrrole electrode region at a scan rate of 20 mV/s are shown in Fig. 6 through 8 as function of applied potential (E) and position (y). In the position coordinate, y = 0 represents the platinum current collector side and y = 1 represents the electrolyte diffusion layer side as shown in Fig. 2 .
The dynamic concentration profiles of the counterion (C10~) within the porous polypyrrole electrode region at a scan rate of 20 mV/s are shown in Fig. 6 grates to electroactive sites within the porous region. After polypyrrole has been fully oxidized, the concentration distribution within the porous polypyrrole electrode region bounced back to a certain equilibrium state. This is because no more oxidation of polypyrrole occurs and counterions are consumed by double layer charge only.
For cathodic scan, the oxidized polypyrrole sites are reduced and the opposite phenomena occurred. Anions (C104) are produced within the porous polypyrrole electrode region because of reduction of oxidized polypyrrole and decrease of double layer charge. The counterion (C104) is transported from the porous electrode region to the bulk. Since the effective diffusivities of Li § and C10~ within the porous layer are much smaller than the free stream diffusivity of these species, the concentration gradients within the porous region must be larger to make up for the slower movement of the ions. Figure 7 shows the distribution of faradaic charge per unit volume consumed within polypyrrole electrode due to the electrochemical reaction at a sweep rate of 20 mV/s. The faradaic charge per unit volume was made dimensionless by using the maximum faradaic charge value (Qf.oxd) as the reference point.
Initially, the polypyrrole electrode is in fully neutral state (Qf = Qf.r~d) and is ready to be oxidized. For the anodic scan, the faradaic charge is accumulated throughout the polypyrrole electrode region by the electrochemical reaction. The faradaic charge accumulation in the outer layer of the polypyrrole electrode (electrolyte diffusion layer side) is faster because of the concentration gradient effect within the polypyrrole electrode as shown in Fig. 7 . After polypyrrole has been fully oxidized, the faradaic charge distribution becomes uniform at Qf = Qf, oxa. During reduction, the faradaic charge is withdrawn more slowly in the inner layer of the polypyrrole electrode (current collector side) because of the diffusion limitation. Note that charge accumulates rapidly throughout the entire electrode.
The electrochemical properties (such as porosity, conductivity, diffusivity, mobility, etc.) have similar distribution throughout the polypyrrole electrode region because of the assumption that these properties are proportional to the faradaic charge per unit volume consumed within polypyrrole electrode (21) . Figure 8 shows the distribution of the potential difference between solid and solution phases, the driving force for the electrochemical reaction and the double layer charge within the porous polypyrrole electrode region at a sweep rate of 20 mV/s. For convenience, the potential difference is represented by (Pl -(P2 -E.
The potential difference increases with time indicating that the electrochemical reaction must proceed at a faster rate to compensate for the decreasingly available active surface area and reactive species in solution phase. It shows that the potential difference at the inner layer (current collector side) is higher because of diffusion limitation of counterion. The positive and negative values lead cathodic (reduction) and anodic (oxidation) reactions, respectively.
Sensitivity analysis.--Since the results predicted by the model depend on the physical and electrochemical parameters used, it is necessary to examine the sensitivity of the model predictions on these parameters and identify parameters which can be discarded from the further parametric analysis. If the model predictions are relatively insensitive to a parameter, then a fairly wide range of values for that insensitive parameter could be used without significantly affecting the predictions of the model. It is often the case that the more parameters that are estimated, the more uncertain are the estimates due to interaction between the parameters, poor sealing, and round-off errors (28) .
The sensitivity coefficient of each parameter of interest, Sk, can be determined from the changes in the predicted anodic current density response as follows E-0.s Aia(E) sk= E [4] Tables V and VI.  Table V shows the sensitivikv of the anodic current density to the physical parameters, such as the porosity of the polypyrrole electrode (ep), the thickness of the polypyrrole electrode (Spp), and the thickness of the diffusion layer (Bdl). The predicted anodic current density responses are found to be more sensitive to the electrode thickness (8~p) and porosity (%) than the thickness of the diffusion layer (8di). This is expected because the switching process of polypyrrole electrode is limited by the ion transfer rate within the porous structure. The effective diffusivities of Li + and CIO 4 within the porous layer are much smaller than the free stream diffusivity of these species. The fact that the current density responses are relatively insensitive to the thickness of the diffusion layer is comforting because it is usually much easier to measure the electrode thickness and porosity with a high degree of accuracy than is possible in measuring the diffusion layer. Note also that the porosity of the electrode has to be measured experimentally. A porosity value calculated theoretically from the material balance on the solid phase is not applicable because it ignores the existence of closed pores. Table VI shows the sensitivity of the anodic current density to the electrochemical parameters describing the electrochemical reaction and the double layer effects on switching process. The most influential parameter is the maximal faradaic charge of polypyrrole (Qf.oxd). This is expected because the amount of electroactive material is proportional to this quantity. The double layer constant (a*) and the zero charge potential (~pzr are next followed by the anodic transfer coefficient (~) and the exchange current per unit volume (aio.ref). The electrokinetie parameters describing the doping/undoping of polypyrrole have less influence than those describing the double layer effects. This could be due to the fact that polypyrrole has the large capacitive background current density as shown in Fig. 7 .
E=-o.8 mAPk where hia(E) = [ia(E) -i:(E)[
In a similiar manner, a sensitivity analysis could be used to determine the operating conditions where the sensitivity of a parameter is maximal as shown in Table VII . The effects of scan rate (Vs) on the performance of cyclic voltammogram are very significant. The oxidation and reduction peak height is proportional to the scan rate as is expected for a reversible surface process. However, the oxidation and reduction charge densities in each cycle is the same and does not depend on the scan rate. The effects of rotating speed (ft) on the performance of cyclic voltammogram are not significant. Increasing rotating speed causes more convective effects in the electrolyte diffusion layer. However, convective effect by rotating disk electrode is negligible within the porous polypyrrole electrode region.
Effects of parameters.--Many factors come into play when calculating the sensitivity coefficients. For example, the exchange current density and transfer coefficient strongly influence the initial slope in the cell current density. On the other hand, the maximum faradaic charge and double layer constant have more influence later when polypyrrole films are significantly oxidized. Thus, it is necessary to understand the detailed effects of each parameter, which is identified as relatively sensitive on model prediction. The effects of the maximal faradaic charge (Qf, oxd), the double layer constant (a*), the anodic transfer coefficient (~a), and the exchange current density (aio,ref) , on the cyclic voltammograms are examined and estimated. Figure 9 shows the effects of the maximum faradaic charge (Qf, oxd) in the cyclic voltammograms. This parameter affected both faradaic and capacitive current densities. The value does not influence the initial slope of the current density. However, the larger value of maximal faradaic charge yields higher and broader peak current densities, and higher background capacitive current density. This is because the amount of electroactive material is proportional to this value. Figure 10 shows the effects of the double layer constant (a ~) in the cyclic voltammograms. The region where polypyrrole is significantly reduced is not affected because this parameter only influences the double layer charging. Since the local capacitive transfer current per unit volume is proportional to this parameter (21), the larger value of double layer constant (a ~) yields higher capacitive current density. Figures 11 and 12 show the effects of the electrokinetic parameters describing the electrochemical reaction of polypyrrole. These parameters show significant effects in the region where polypyrrole is oxidizing or reducing. No effects are observed in the background capacitive current density. Figure 11 shows the effects of anodic transfer coefficient (a~) in the cyclic voltammograms. This value strongly influences the shape of the peak current density. Increasing the anodic transfer coefficient (~) yields higher and narrower anodic g.5 . . . , . peak current density. The opposite is true for the cathodic direction because the sum of anodic and cathodic transfer coefficients (~a and ac) is set equal to 1. Figure 12 shows the effects of exchange current per unit volume (aio.ref) in the cyclic voltammograms. This parameter shows a most significant influence in the peak current density. Increasing exchange current per unit volume yields both an increase in anodic and cathodic peak current densities and reducing potential difference between anodic and cathodic peak. This is because the electrochemical reaction rate is proportional to this value.
The value of each independent parameter discussed above has been estimated by comparing the peak and background current densities predicted by the model with the experimental results, and this has been summarized in Table IV . The dependent parameters (diffusion coefficients, mobilities, conductivities, etc.) can be calculated from the relationships given in the model development using the values of the independent parameters estimated here. For example, the effective diffusion coefficients of the counterion (C10;) within the doped and undoped states of the polypyrrole film are 4.0 • 10 -11 cm2/s and 1.0 • 10 -9 cm2/s, respectively. These values are smaller than those obtained from experimental measurements. This may be due to the large capacitive and uncompensated re- 
Conclusions and Recommendations
The electronically conducting polypyrrole film has been synthesized electrochemically and used in cyclic voltammetry to study the electrochemical characteristics. The experimental results show that:
1. The simple one-step electrochemical oxidation of pyrrole monomer yields a flexible, metallic, and organic polymer film.
2. The polypyrrole film has a quasi-reversible switching behavior with large capacitive backgroun effects.
3. The switching process of the polypyrrole film is accompanied by distinctive color changes, brown-black at doped state and light yellow at undoped state.
4. The polypyrrole film can be cycled more than 200 times without significant loss of the coulombic capacity of the electrode. These observations make polypyrrole a prospective candidate in the area of energy storage devices.
The mathematical model based on the porous electrode, dilute solution, and double layer theories, coupled to the Butler-Volmer-type rate expression has been developed to predict the cyclic voltammograms of a polypyrrole film under identical conditions of the experiments. The simulated results show that:
1. Despite the fact that the present model involves a number of simplifications such as the presumption that the electronic conductivity varies linearly with the doping level, a comparison of the simulated and experimental cyclic voltammograms shows quantitative agreement.
2. The modified Butler-Volmer-type rate expression can be applied for the quasi-reversible switching behavior or polypyrrole. This assumes that the appearance of the quasi-reversible peak in the cyclic voltammograms for conducting polymers is not necessarily evidence for the presence of an additional redox process.
3. The profiles of the dependent variables show that the switching process is governed by the availability of the counterion to the polypyrrole electrode and the amount of electroactive sites. Thus, the performance of the polypyrrole-based devices could be improved by physical modifications that increase the electroactive surface area and optimize the rate of ionic charge transport.
4. Sensitivity analysis shows that the parameters describing the double layer effects have more influence than those describing the electrokinetic process. This observation suggests that more emphasis should be placed on evaluating the capacitive effects affiliated with the doping state of polypyrrole.
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Better agreement between the simulated and experimental data will be obtained if different charge transport mechanisms are considered for the doping and undoping processes. In addition, the factors which determine the electrochemical characteristics of polypyrrole are the doping level and its functional relationship to the microscropic structure, conductivity, and capacitance. In the absence of any experimental or theoretical data, the presumptions used are adequate for these preliminary analysis. With pertinent experimental or theoretical data to quantify these factors, the model can be used, together with parameter estimation techniques, to determine the electrochemical characteristics of polypyrrole.
The model developed here can be modified to study cyclic voltammetric behavior of other conducting polymers, such as polythiophene, polyaniline, polycarbajole, etc., by simply adjusting the input parameters and their relationships. Also, the mode] can be extended to predict other electroanalytical techniques, such as ac impedance, chronocoulometry, and chronoabsorptometry. AC impedance can be useful in obtaining more details of the double layer effects.
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